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(54) Rare earth permanent magnet of high corrosion resistance 

(57) A neodymium/iron/boron permanent magnet is 
provided with high corrosion resistance by forming a 
coating layer of a vitrified sodium silicate on the surface. 
The vitreous coating layer of sodium silicate is formed 
by coating the surface of the permanent magnet with an 
aqueous coating solution of water glass followed by dry- 
ing of the coating layer and vitrification of the dried coat- 

ing layer by a heat treatment under s pecified conditions 



Characteristically, the thus formed vitreous coating layer 
of sodium silicate is subjected to a leaching treatment 
with water at a specified temperature for a specified 
length of time in order to remove away residual sodium 
content leachable in water so that the troubles due to 
absorption of moisture by the alkali constituent in the 
sodium silicate coating layer can be largely dissolved. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a method for 5 
the preparation of a rare earth -based permanent mag- 
net having high corrosion resistance as well as to a rare 
earth-based permanent magnet having high corrosion 
resistance obtained by the method. More particularly, 
the invention relates to a method for imparting high cor- 10 
rosion resistance to a rare earth/iron/boron permanent 
magnet as well as to a rare earth/iron/boron permanent 
magnet having high corrosion resistance obtained by 
the method. 

[0002] As is well known, rare earth-based permanent 15 
magnets in general have great advantages as com- 
pared with other types of non-rare earth permanent 
magnets in respects of their excellent magnetic proper- 
ties and economical merits by virtue of remarkable com- 
pactness of the permanent magnets so that they are 20 
widely employed in the fields of electric and electronic 
instruments. Rare earth-based permanent magnets are 
now on a stage of further development where they are 
required to be of more and more improved magnetic 
performance in order to comply with the recent trend in 25 
the electric and electronic technologies. 
[0003] Among several classes of rare earth-based 
permanent magnets heretofore developed, the so- 
called rare earth/iron/boron permanent magnets or, typ- 
ically, neodymium/iron/boron permanent magnets are 30 
the most prominent as compared with the earlier devel- 
oped samarium/cobalt permanent magnets in respects 
of the much superior magnetic properties and much 
lower material costs because neodymium is much more 
abundant as a rare earth resource than samarium and 35 
no or only a small amount of expensive cobalt is 
required in the formulation of the magnet alloy composi- 
tion. Accordingly, neodymium/iron/boron permanent 
magnets are highlighted and expected in the near future 
to substitute not only for samarium/cobalt permanent 40 
magnets conventionally employed in a compact-size 
magnetic circuit but also for hard ferrite permanent 

magnets of a relativel y large size and certain lar g e ele c- 

tromagnets. 

[0004] Rare earth/iron/boron permanent magnets in 45 
general, however, have a serious disadvantage that, as 
an inherence of the rare earth element or neodymium 
and iron as the principal metallic constituents of the 
magnet alloy composition, the magnet is readily oxi- 
dized on the surface within a short time when kept in an so 
atmosphere of moisture-containing air. When oxidation 
takes place on the surface of a rare earth/iron/boron 
permanent magnet built in an electric or electronic 
instrument, a decrease is unavoidable in the perform- 
ance of the magnetic circuit if not to mention the prob- 55 
lem of contamination of ambience by the rust particles 
formed by oxidation and falling off the magnet surface. 
[0005] With an object to improve corrosion resistance 



of a rare earth/iron/boron permanent magnet, proposals 
are made heretofore for methods to provide the magnet 
surface with a protective coating layer such as a resin- 
ous coating layer and a metallic coating layer of, for 
example, nickel which is formed by a dry-process vapor- 
phase deposition method, e.g., ion plating, or by a wet- 
process electrolytic plating method. These surface coat- 
ing methods are practically not feasible due to the high 
costs requited for the process which is necessarily very 
complicated. 

[0006] In view of the problem of high costs in the 
above mentioned surface coating methods, a simpler 
and less expensive surface treatment method is pro- 
posed in Japanese Patent Kokai 6-302420, according to 
which the surface treatment of a rare earth/iron/boron 
permanent magnet is finished by a chromic acid treat- 
ment alone. This method, however, cannot be very inex- 
pensive by all means because the chromic acid 
treatment must be preceded by a pickling treatment with 
an acid such as nitric acid and the spent chromic acid 
solution, which is notoriously toxic to cause heavy envi- 
ronmental pollution, must be disposed with complete 
safety necessarily requiring a high cost. 
[0007] As an alternative of the above mentioned chro- 
mic acid treatment having problems relative to the high 
costs and difficulty in the waste disposal, a method is 
proposed in Japanese Patent Kokai 9-7867 and 9-7868, 
according to which a vitreous protective coating layer is 
formed on the surface of a rare earth/iron/boron perma- 
nent magnet by coating with an aqueous solution of an 
alkali silicate followed by a heat treatment for vitrification 
of the coating layer. This method in fact is a useful 
method at least when the surface-coated permanent 
magnet is employed in an atmosphere of air of which 
the humidity is not excessively high since the treatment 
method is relatively simple but still gives a considerably 
good rustproofing effect. 

[0008] When a rare earth/iron/boron permanent mag- 
net provided with a vitreous protective coating layer of 
alkali silicate is employed in an atmosphere of a rela- 
tively high humidity, on the other hand, the alkali constit- 
uent contained in the vitreous coating layer is 
responsible_for_absorption of-moisture from-the atmos- — 
phere. Once the coating layer is moistened by absorb- 
ing moisture, the desired effect of corrosion resistance 
can no longer be fully exhibited by the vitreous coating 
layer. 

[0009] Moreover, the alkali constituent contained in 
the vitreous protective coating layer of alkali silicate is 
readily leached out into an aqueous or oily medium sur- 
rounding the magnet to cause heavy contamination 
around the magnet body. This problem, of course, can 
be at least partly solved by using an alkali silicate of 
which the content of the alkali constituent relative to the 
silica constituent is remarkably decreased. The amount 
of the alkali constituent relative to silica in the alkali sili- 
cate, however, cannot be low enough to be sufficient to 
avoid the trouble due to absorption of moisture by and 
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leaching out of the alkali mentioned above because the 
alkali constituent in the alkali silicate acts to promote vit- 
rification of the alkali silicate forming a coating layer in 
the heat treatment and to reduce shrinkage of the coat- 
ing layer by vitrification so as to ensure good corrosion 5 
resistance of the vitreous protective coating layer. 

SUMMARY OF THE INVENTION 

[0010] The present invention accordingly has an 10 
object to provide a novel method for the preparation of a 
rare earth/iron/boron permanent magnet body of high 
corrosion resistance by means of providing a vitrified 
protective coating layer of an alkali silicate which is free 
from the problems of a decrease in the corrosion resist- 15 
ance of the magnet and contamination of ambience due 
to the alkali constituent in the protective coating layer of 
vitrified alkali silicate. 

[0011] According to an aspect of the present inven- 
tion, there is provided a method for the preparation of a 20 
highly corrosion-resistant rare earth/iron/boron perma- 
nent magnet comprising the steps of: 

(a) coating the surface of a rare earth/iron/boron 
permanent magnet with an aqueous coating solu- 25 
tion of an alkali silicate to form a coating layer; 

(b) drying the coating layer to give a dried coating 
layer of the alkali silicate or, preferably, sodium sili- 
cate; 

(c) subjecting the dried coating layer of the alkali sil- 30 
icate to a heat treatment at a temperature in the 
range from 50 to 450°C for at least 1 minute to form 

a vitreous coating layer of the alkali silicate; and 

(d) bringing the vitreous coating layer of the alkali 
silicate into contact with water at a temperature in 35 
the range from 1 0 to 90°C for a length of time in the 
range from 1 to 60 minutes to remove away water- 
leachable alkaline constituent in the vitreous coat- 
ing layer of the alkali silicate, 

the coatin g amount of the coating solution in step 40 
(a) being such that the vitreous coating layer of the 
alkali silicate formed in step (c) has a thickness in 
the range from 0.1 to 10 \im. 

[0012] According to another aspect of the invention, 45 
there is provided a highly corrosion-resistant rate 
earth/iron/boron permanent magnet comprising: 

(A) a base body of a rare earth/iron/boron perma- 
nent magnet; and so 

(B) a coating layer of a vitreous alkali silicate 
formed on the surface of the base body, the coating . 
layer of the vitreous alkali silicate containing alka- 
line constituent leachable in water at 80°C in an 

* amount not exceeding 10 ng per cm 2 of the surface ss 
of the coating layer. 



DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0013] Although the above given description is given 
solely for a rare earth/iron/boron permanent magnet as 
the objective body to which the method of the present 
invention is applicable, it may be too much to say that 
the inventive method is applicable to any types of rare 
earth-based permanent magnets which are desired to 
be imparted with high corrosion resistance. 
[001 4] The rare earth element as the principal constit- 
uent metal of the rare earth/iron/boron permanent mag- 
net can be any one or any combination of the rare earth 
elements including ytttrium and the elements having an 
atomic number of 57 to 71 , of which cerium, lanthanum, 
neodymium, praseodymium, dysprosium and terbium 
are important and neodymium is more important 
[0015] The rare earth/iron/boron permanent magnet 
usually contains from 5 to 40% by weight of one or a 
combination of the rare earth elements, from 50 to 90% 
by weight of iron and from 0.2 to 8% by weight of boron. 
A part of the iron content can be replaced with cobalt if 
an improvement in the temperature characteristics of 
the magnet is desired. The amount of cobalt, when 
added, is in the range from 0.1 to 15% by weight. When 
the adding amount of cobalt is too small, the desired 
improvement in the temperature characteristics of the 
magnet cannot be obtained as a matter of course. A too 
large amount of cobalt to replace iron is detrimental 
against the coercive force of the permanent magnet 
[001 6] It is further optional that the alloy composition 
of the rare earth/iron/boron permanent magnet is 
admixed with other additive elements such as nickel, 
niobium, aluminum, titanium, zirconium, chromium, 
vanadium, manganese, molybdenum, silicon, tin, cop- 
per, calcium, magnesium, lead, antimony, gallium and 
zinc with an object to accomplish an Improvement of a 
certain particular magnetic property of the magnet or to 
decrease the material cost. 

[0017] The method for the preparation of a rare 
earth/iron/boron permanent magnet, which is basically - 
a powder metallurgical process, is well known in the art 
of magnetic materials and not described here in any 
detail. 

[0018] In step (a) of the inventive method, a rare 
earth/iron/boron permanent magnet, referred to simply 
as a magnet hereinafter, is coated with an aqueous 
coating solution prepared by dissolving an alkali silicate 
in water to form a coating layer. Though not limitative, 
the alkali silicate is selected from sodium silicate, potas- 
sium silicate and lithium silicate, of which sodium sili- 
cate is preferable due to economical reasons because 
sodium silicate is available in the form of a so-called 
water glass at low costs. 

[001 9] Taking sodium silicate as a typical example of 
alkali silicates, the molar ratio of Si0 2 to Na 2 0 is an 
important parameter to affect the behavior of sodium sil- 
icate for vitrification by a heat treatment and to deter- 
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tioned above. 

[0025] Assuming that the treatments in steps (a) to (d) 
have been undertaken all adequately, the vitreous pro- 
tective coating layer of alkali silicate, e.g., sodium sili- 
cate, can be tested for the residual content of leachable s 
sodium, which is determined by keeping the coated 
magnet in a bath of ultrapure water at 80°C for 2 hours 
followed by measurement of the amount of sodium in 
water by the ion chromatographic method, not to 
exceed 10 ^g sodium per cm 2 surface area of the vitre^ 
ous protective coating layer of sodium silicate. 
[0026] In the following, the method of the present 
invention is illustrated in more detail by way of Examples 
and Comparative Examples, which, however, never limit 
the scope of the invention in any way. is 

Example 1. 

[0027] An alloy ingot of a rare earth/iron/boron perma- 
nent magnet was prepared by high frequency induction 20 
melting under an atmosphere of argon from 32% by 
weight of neodymium, 1.2% by weight of boron, 59.8% 
by weight of iron and 7% by weight of cobalt each in a 
metallic or elementary form. The alloy ingot was 
crushed in a jaw crusher into coarse granules which 25 
were finely pulverized in a jet mill with nitrogen as the jet 
gas into fine particles having an average particle diam- 
eter of 3.5 jim. The thus obtained magnet alloy powder 
was introduced into a metal mold and compression- 
molded under a pressure of 1000 kg/cm 2 in a magnetic 30 
field of 10 kOe to give a powder compact. 
[0028] The thus molded powder compact as a green 
body was subjected to a sintering heat treatment in vac- 
uum at 1 100°C for 2 hours followed by an aging treat- 
ment at 550°C for 1 hour to give a sintered permanent 35 
magnet block from which a disk-formed permanent 
magnet sample having a diameter of 21 mm and a thick- 
ness of 5 mm was prepared by mechanical working. 
The surface of the magnet sample was finished by bar- 
rel polishing followed by ultrasonic cleaning in water and 40 
drying. 

[0029]" SeparatelyT~an aqueous coating^ solutiorTof 
sodium silicate was prepared by dissolving a commer- 
cial product of #3 water glass according to the JIS 
standard, of which the molar ratio of Si0 2 /Na 2 0 was 45 
3.2, in deionized water in such an amount that the con- 
centration calculated for Si0 2 was 40 g/liter. 
[0030] The above prepared permanent magnet sam- 
ple was dipped in and then pulled up from the aqueous 
sodium silicate solution to form a coating layer of the so 
solution on the surface. The permanent magnet sample 
thus provided with the coating layer was subjected to a 
heat treatment in a hot-air circulation oven at 150°C for 
20 minutes to effect drying and vitrification of the 
sodium silicate layer into a vitreous coating layer of ss 
sodium silicate. 

[0031 ] The permanent magnet sample having the thus 
vitrified sodium silicate coating layer was dipped in a 



bath of deionized water at 70°C for 2 minutes to effect 
dealkalinization of the sodium silicate layer followed by 
drying. This dealkalinized sodium silicate layer had a 
thickness of 0.7 as determined by the XPS (X-ray 
photoelectron spectrometry) method. 
[0032] The thus prepared permanent magnet sample 
having a dealkalinized vitreous sodium silicate coating 
layer was subjected to the test of the residual content of 
alkaline constituent leachable in water by keeping the 
sample in a bath of ultrapure water at 80°C for 2 hours 
to obtain a value of 4.0 jig sodium per cm 2 surface area 
of the coating layer. 

[0033] Further, the permanent magnet sample after 
the dealkalinization treatment was subjected to an 
accelerated degradation test of the coating layer by 
keeping the same in an atmosphere of 90% relative 
humidity at 80°C for 200 hours and the appearance of 
the magnet sample was visually inspected to detect 
absolutely no noticeable changes in the appearance. 

Examples 2, 3 and 4. 

[0034] The experimental conditions in each of these 
Examples 2, 3 and 4 were substantially the same as in 
Example 1 excepting for the extension of the time for the 
dealkalinizing leaching treatment of the vitreous sodium 
silicate coating layer from 2 minutes to 10 minutes, 30 
minutes and 60 minutes, respectively. The results of the 
test for the residual amount of water-leachable sodium 
contents in the coating layer were 1.5 jig/cm 2 , 0.3 
jig/cm 2 and 0.2 ng/cm 2 , respectively. Absolutely no 
noticeable changes were detected in the appearance of 
the permanent magnet sample having a dealkalinized 
sodium silicate coating layer in each of these Examples 
in the accelerated degradation test undertaken in the 
same manner as in Example 1 . 

Comparative Examples 1, 2 and 3. 

[0035] The experimental conditions in each of these 
Comparative Examples 1 , 2 and 3 were substantially 
the same asnrTExampl^1~excepting^for omission of the 
dealkalinizing leaching treatment, a decrease of the 
time of the dealkalinizing leaching treatment from 2 min- 
utes to 30 seconds and an increase of the time of the 
dealkalinizing leaching treatment from 2 minutes to 90 
minutes, respectively. The results of the test for the 
residual amount of water-leachable sodium content 
were 1 8.0 ng/cm 2 13.0 jig/cm 2 and 0.1 ug/cm 2 , respec- 
tively. Absolutely no noticeable changes were detected 
in the appearance of the permanent magnet samples 
having a dealkalinized sodium silicate coating layer in 
each of Comparative Examples 1 and 2 after the accel- 
erated degradation test while rust spots were detected 
on the surface of the magnet in Comparative Example 
3. 
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Comparative Example 4. 

[0036] The experimental conditions in this Compara- 
tive Example were substantially the same as in Exam- 
ple 3 except that the vitreous sodium silicate coating 
layer after the dealkalinizing leaching treatment had a 
thickness of 0.05 *im instead of 0.7 pm as a conse- 
quence of the use of a more diluted coating solution. 
The result of the test for the amount of residual water- 
leachable alkaline content was 0.1 jag sodium per cm 2 
surface area of the coating layer but rust spots were 
detected in the accelerated degradation test. 

Examples 5, 6, 7 and 8. 

[0037] The experimental conditions in each of these 
Examples 5, 6, 7 and 8 were substantially the same as 
in Example 1 except that the temperature of the water 
bath for the dealkalinizing leaching treatment was 20°C, 
40°C, 60°C and 80°C, respectively, instead of 70°C. The 
results of the test for the residual amount of water- 
leachable sodium content were 6.0 jig/cm 2 , 2.0 ng/cm 2 , 
1 .0 ng/cm 2 and 0*3 jig/cm 2 , respectively. Absolutely no 
noticeable changes were detected in the appearance of 
the permanent magnet samples having a dealkalinized 
sodium silicate coating layer in each of these Examples 
in the accelerated degradation test. 

Comparative Examples 5 and 6. 

[0038] The experimental conditions in each of these 
Comparative Examples 5 and 6 were substantially the 
same as in Example 1 except that the temperature of 
the water bath for the dealkalinizing leaching treatment 
was 5°C and 95°C, respectively, instead of 70°C. The 
results of the test for the residual amount of water- 
leachable sodium content were 13.0 ng/cm 2 and 0.1 
tig/cm 2 respectively. Absolutely no noticeable changes 
were detected in the appearance of the permanent 
magnet sample in Comparative Example 5 having a 
dealkalinized sodium silicate coating layer after the 
accelerated degradation test but appearance of rust 



alkali silicate to a heat treatment at a tempera- 
ture in the range from 50 to 450°C for at least 1 
minute to form a vitreous coating layer of the 
alkali silicate; and 

5 (d) bringing the vitreous coating layer of the 

alkali silicate into contact with water at a tem- 
perature in the range from 10 to 90°C for a 
length of time in the range from 1 to 60 minutes 
to remove away water-leachable alkaline con- 

10 stituent in the vitreous coating layer of the alkali 

silicate, 

the coating amount of the coating solution in 
step (a) being such that the vitreous coating 
layer of the alkali silicate formed in step (c) has 
is a thickness in the range from 0.1 to 10 jim. 

2. A method according to claim 1, wherein the alkali 
silicate is sodium silicate. 

20 3. A method according to claim 2 wherein the molar 
ratio of Si0 2 :Na20 of the sodium silicate is in the 
range from 1 .5 to 20.0. 
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4. A method according to claim 3, wherein the molar 
ratio of Si0 2 :Na 2 0 of the sodium silicate is in the 
range from 3.0 to 9.0. 

5. A method according to any one of the preceding 
claims wherein the temperature of the heat treat- 
ment in step (c) is in the range from 120 to 450°C. 

6. A method according to any one of the preceding 
claims wherein the length of time for the heat treat- 
ment in step (c) is in the range from 1 to 120 min- 
utes. 

7. A method according to any one of the preceding 
claims, wherein the coating amount of the coating 
solution in step (a) is such that the vitreous coating 
layer of the alkali silicate formed in step (c) has a 
thickness in the range from 0.5 to 10 pxr\. 



spots was found on the surface of the magnet in Com- 
parative Example 6. 

Claims 

1 . A method for the preparation of a highly corrosion- 
resistant rare earth/iron/boron permanent magnet 
which comprises the steps of; 

(a) coating the surface of a rare 
earth/iron/boron permanent magnet with an 
aqueous coating solution of an alkali silicate to 
form a coating layer; 

(b) drying the coating layer to give a dried coat- 
ing layer of the alkali silicate; 

(c) subjecting the dried coating layer of the 



8. A method according to any one of the preceding 
claims, wherein the temperature of water in step (d) 

45 is in the range from 50 to 80°C. 

9. A highly corrosion resistant rate earth/iron/boron 
permanent magnet which consists of: 

50 (A) a base body of a rare earth/iron/baron per- 

manent magnet; and 

(B) a coating layer of a vitreous alkali silicate 
formed on the surface of the base body, 
the coating layer of the vitreous alkali silicate 
5$ containing alkaline constituent leachable by 

keeping the same in water at 80°C for 2 hours 
in an amount not exceeding 10 pg per cm 2 of 
the surface area of the coating layer. 
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10. A magnet according to claim 9, wherein the alkali 
silicate is sodium silicate. 

11. A magnet according to claim 9 or 10, wherein the 
coating layer of the vitreous alkali silicate has as 
thickness in the range from 0.1 to 10 [im. 

12. A magnet according to claim 1 1 , wherein the coat- 
ing layer of the vitreous alkali silicate has a thick- 
ness in the range from 0.5 to 10 jam. 10 
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